Key Summary Points {#FPar1}
==================

**Why carry out this study?**Sepsis and septic shock are commonly encountered in critically ill patients; hence, broad-spectrum antibiotics are commonly used in this population.Aside from renal impairment and the need for dose adjustment, renal elimination enhancement is an important factor that can affect pharmacokinetic/pharmacodynamic indices.Little is known about pharmacists' knowledge about augmented renal clearance (ARC).**What was learned from the study?**Generally, pharmacists' knowledge about ARC was poor.This poor knowledge was evident as ARC identification based on definition, risk factors, and antibiotics that could be affected by this phenomenon was poor.Educational programs targeting pharmacists taking care of critically ill patients are needed.

Introduction {#Sec1}
============

Broad-spectrum antibiotics are among the most commonly prescribed medications in general wards and intensive care units (ICU) \[[@CR1]--[@CR3]\]. In patients with septic shock, several factors can affect the outcomes, including initial administration of effective empiric antibiotics, timing of antibiotic administration, and the appropriate dosing of antibiotics \[[@CR4]--[@CR9]\]. Moreover, several factors can impact the antimicrobial pharmacokinetics in critically ill patients. For instance, the volume of distribution and renal clearance of hydrophilic antibiotics is usually increased, which may result in subtherapeutic tissue and plasma concentrations \[[@CR10], [@CR11]\]. There is a misconception that only patients with impaired renal function need a dose adjustment. Augmented renal clearance (ARC) is a phenomenon that warrants dose adjustment in critically ill patients \[[@CR12]\]. Generally, ARC is defined as a creatinine clearance (CrCl) value \> 130 ml/min \[[@CR13], [@CR14]\]. This enhancement in renal elimination can result in subtherapeutic concentrations and negatively impact the outcomes \[[@CR13], [@CR15]--[@CR19]\]. There is limited knowledge on the mechanisms of ARC, and several mechanisms were hypothesized. ARC is a hyperdynamic response secondary to changes in vascular permeability, renal blood flow, and elevation in the body temperature. These changes can elevate the glomerular filtration rate, renal tubular secretion, and renal tubular reabsorption \[[@CR15]\].

Udy et al. conducted a multicenter prospective study to determine the prevalence of ARC. The authors found that 65.1% (182/281) of patients admitted to the ICUs had at least one occasion of ARC during the first 7 days of admission \[[@CR16]\]; not surprisingly, the enhancement in renal elimination in ARC has been found to affect the clinical outcomes negatively \[[@CR17]\]. The probability of pharmacodynamic target attainment at a particular minimum inhibitory concentration can be achieved by increasing the dose, changing the dosing frequency by extending the infusion, utilizing continuous infusion, or combining both \[[@CR15]\].

ARC among critically ill patients is often undetectable because it is associated with a normal or reduced serum creatinine (SCr) concentration \[[@CR13]\]. Identification of patients with ARC by estimating CrCl using Cockcroft-Gault or modification of diet in renal disease has not been validated in this patient population because of fluctuating renal function \[[@CR20]\]. However, using measured CrCl through continuous urine collection at 2, 8, 12, and 24 h has been studied. Still, the optimal length of collection has not been established; 8--24 h is more convenient as it is not subjected to diurnal variation in the elimination of drugs \[[@CR15]\]. Several risk factors predispose critically ill patients to ARC include, but are not limited to, young age, particularly ≤ 50 years, central nervous system infection, and extensive trauma upon admission \[[@CR15]\].

ARC can be missed and may compromise antimicrobial therapy in critically ill patients. Little is known about pharmacists' knowledge of ARC. This study's objective was to assess pharmacists' knowledge concerning ARC identification, risk factors, affected antimicrobials, and dosing of antibiotics in patients with ARC.

Methods {#Sec2}
=======

Design, Inclusion Criteria, and Study Sample {#Sec3}
--------------------------------------------

This was a cross-sectional, survey-based study conducted by administering an electronic questionnaire to pharmacists attending Dubai International Pharmaceuticals and Technologies Conference and Exhibition 2020 (DUPHAT). Participants were provided with a tablet device and self-administered the survey. Participants were approached during the scientific conference by a pharmacy student who was trained and prepared to collect data. Bearing in mind the nature of ARC, only licensed pharmacists were allowed to participate.

Initially, the link was shared via an online link with three scientific organizations: Saudi Pharmaceutical Society, Kuwait Pharmaceutical Association, and Oman Pharmaceutical Society. The online tool generated a confidential link sent to the societies mentioned earlier who distributed the link to their members using their email listservs. However, to avoid the expected low response rate with online surveys, the authors believed that a purposive sampling technique would be the best approach to overcome the possible low response rate and achieve the purpose of the study \[[@CR21]\]. SurveyMonkey^®^ is an online questionnaire generator that was utilized to design and distribute the questionnaire. The survey was designed to allow only one attempt per respondent. The survey was available between 16 January and 27 February 2020.

Contents of the Tool {#Sec4}
--------------------

The survey was not derived from any previously published questionnaire. The questionnaire consisted of five domains (Table [1](#Tab1){ref-type="table"}). The first domain was a cover letter that provided general information about the purpose of the survey (supplementary file). The second domain consisted of demographic data (i.e., age, gender, year of initial pharmacy licensure, and "Are you a hospital pharmacist").Table 1Questionnaire**First domain**Cover letter (supplementary file)**Second domain**Age.........Gender A. Male B. FemaleYear of initial pharmacy license.........Are you a hospital pharmacist?A. YesB. No**Third domain**Do you have experience working as an in-patient pharmacist?A. YesB. NoFourth domainIs there a universal definition of ARC?A. YesB. NoC. I do not know**Fifth domain**In patients with ARC, SCr is usuallyA. ElevatedB. DecreasedC. NormalD. I do not knowWhat are the risk factors for ARC? Select all that applyA. Young ageB. Traumatic brain injuryC. Subarachnoid hemorrhageD. SOFA score ≥ 4How to assess kidney function in patients with ARC?A. Cockroft-Gault equationB. JelliffeC.Urine collectionAntibiotics more likely to be affected by ARC; select all that applyA. Beta-lactamsB. VancomycinC. LinezolidD. DaptomycinTo obtain probability target attainment of 85% or greater the following antibiotic should be administered asPiperacillin--tazobactamA. 4.5 g every 6 h (4-h infusion)B. 3.375 g every 6 h (3-h infusion)C. 3.375 g every 6 h (30-min infusion)To obtain probability target attainment of ≥ 85% the following antibiotic should be administered asMeropenemA. 2 g every 8 h (3-h infusion)B. 1 g every 8 h (30-min infusion)C. 500 mg every 6 h (30-min infusion)

The third domain served to ask hospital pharmacists whether they had experience working as in-patient pharmacists. In case "no" was selected, respondents were directed to the end of the survey.

The fourth domain was to assess the respondents' general knowledge about ARC. The question in the fourth domain was about the definition of ARC; a branch logic was created to customize the survey's path. Respondents who chose "yes" or "I do not know" were directed to the fifth domain where they had to answer the status of SCr in such a condition, predisposing factors, how to diagnose, which antibiotics are more likely to be affected, and the dosing regimen of piperacillin-tazobactam and meropenem to obtain the probability target attainment of ≥ 85%. Since a universal definition of ARC is lacking, those who answered both results with "Yes" and "I do not know" were combined \[[@CR15], [@CR18], [@CR22]\]. Additionally, provided that SCr in ARC could be normal or reduced, as many factors can affect SCr levels, answers to both choices were combined in the analysis \[[@CR15], [@CR17], [@CR23]\].

Content Validity {#Sec5}
----------------

Six pharmacists with considerable experience in pharmacy practice were invited to review the survey and provide face validity. None of the invited pharmacists were members of the aforementioned professional societies. The questionnaire was amended based on the comments or recommendations pointed by the invited pharmacists.

Ethical Approval {#Sec6}
----------------

The Research Ethics Committee at King Faisal University approved this study (reference no. \#KFU-REC/2019-12-06). The approval included the distribution of the survey to other countries (i.e., Oman, and Kuwait). Additionally, the study complied with the national guidelines of each country. No personal information was asked in the survey (i.e., name or contact number). Survey settings were modified to disable IP addresses and location identification. Additionally, written consent (i.e., in the form of a cover letter) was also provided. Respondents had to agree and give their consent to proceed to the survey.

Statistical Analysis {#Sec7}
--------------------

Analyses were carried out using descriptive statistics provided by SurveyMonkey^®^. Data were summarized as percentages (i.e., frequencies) for categorical data and means (± standard deviation \[SD\]) for continuous data.

Results {#Sec8}
=======

There were 288 responses; 35 participated via the online link and 253 by attending the scientific conference. However, nine respondents did not continue the survey resulting in a total of 279 responses. Additionally, because ARC is mainly encountered in critically ill patients, only pharmacists with experience working as in-patient pharmacists were considered in the analysis. Of the 279 respondents 155/279 (55.5%) had experience working in in-patient settings. The mean age was 34 years (8). There were 73/155 (47%) males and 82/155 (52.9%) females participating in this study. The majority of the respondents received their initial pharmacy license in 2012 and in 2009, 17/157 and 14/157, respectively (Table [2](#Tab2){ref-type="table"}).Table 2Demographics of the participantsParameterAge (years), mean (± SD)34 (8)Gender, n (%) Male73 (47) Female82 (52.9)Initial pharmacy license^a^2012 (1960--2018)^a^Mode (range)

Pharmacists\' Knowledge About ARC {#Sec9}
---------------------------------

Eighty-six (86/155, 55.4%) of the respondents stated that there is a universal definition of ARC, and 48/155 (30.9%) stated that they do not know if there is an agreed-upon definition of ARC (Fig. [1](#Fig1){ref-type="fig"}). Those who chose no answer were directed to the end of the survey, resulting in a total of 134 (86%) involved in the final analysis (Fig. [1](#Fig1){ref-type="fig"}). Both those who said that there is a universal definition of ARC and who did not know if there is an accepted definition of ARC were asked about the status of SCr in ARC patients. Elevation in SCr was chosen by 67/134 (50%) (Table [3](#Tab3){ref-type="table"}). Interestingly, only 48/134 (35.8%) stated that SCr decreases or is normal in ARC patients (Table [3](#Tab3){ref-type="table"}). With respect to risk factors, only one respondent selected all risk factors (1/134, 0.7%) (Table [3](#Tab3){ref-type="table"}). Urine collection was chosen as the recommended assessment method of kidney function by 86/134 (64%) in both groups combined (Table [3](#Tab3){ref-type="table"}). Only two respondents (2/134, 1.4%) chose all hydrophilic antibiotics as those most likely to be affected by ARC (Table [3](#Tab3){ref-type="table"}). Concerning the dosing of piperacillin-tazobactam and meropenem, the appropriate dose and frequency were chosen by 81/134 (60.4%) and 41/134 (30.5%), respectively.Fig. 1Definition of ARC\*. Respondents who answered "no" were directed to the end of the survey pageTable 3Fifth domain questionsFrequency n (%)^b^**In patients with ARC, SCr is usually**^a^Elevated67 (50)Decreased25 (18.6)Normal23 (17)Decreased and normal combined48 (35)I do not know19 (14)**What are the risk factors for ARC; select all that apply**One risk factor chosen109 (81)Two risk factors chosen19 (14)Three risk factors chosen5 (3.7)Four risk factors chosen1 (0.7)**How to assess kidney function in patients with ARC?**Cockroft-Gault equation37 (27.6)Urine collection86 (64)Jelliffe11 (8.2)**Antibiotics most likely to be affected by ARC; select all that apply**All hydrophilic antibiotics2 (1.4)All hydrophilic antibiotics and linezolid2 (1.4)Beta-lactam antibiotics and linezolid4 (2.9)Beta-lactam antibiotics and vancomycin11 (8.2)Beta-lactam antibiotics, vancomycin, and linezolid4 (2.9)Vancomycin, linezolid, and daptomycin9 (6.7)Vancomycin and linezolid9 (6.7)Vancomycin and daptomycin1 (0.7)Linezolid and daptomycin1 (0.7)Beta-lactam antibiotics and daptomycin0Linezolid alone12 (8.9)Daptomycin alone4 (2.9)Vancomycin alone37 (27.6)Beta-lactam antibiotics alone38 (28.3)**To obtain probability target attainment ≥ 85% the following antibiotic should be administered as: piperacillin-tazobactam**4.5 g every 6 h (4-h infusion)81 (60.4)3.375 g every 6 h (3-h infusion)36 (26.8)3.375 g every 6 h (30-min infusion)17 (12.6)**To obtain probability target attainment ≥ 85% the following antibiotic should be administered as: meropenem**2 g every 8 h (3-h infusion)41 (30.5)1 g every 8 h (30-min infusion)68 (50.7)500 mg every 6 h (30-min infusion)25 (18.6)^a^Combining both "Yes" and "I do not know" answers of the fourth domain^b^Based on total of 134 (86 in the "Yes" and 48 in the "I do not know")

Discussion {#Sec10}
==========

This present cross-sectional study was conducted to assess pharmacists' knowledge about ARC. To the best of our knowledge, this is the first study to determine pharmacists' knowledge concerning ARC. Generally, knowledge about ARC was high (86%) among pharmacists with an in-patient service experience. However, this general knowledge was discordant regarding ARC identification based on SCr assessment and risk factors. The majority of the respondents (50%) chose elevated SCr as the status of SCr in ARC patients.

Additionally, only one respondent (0.7%) selected all risk factors that could lead to ARC, which in turn could result in suboptimal antibiotic concentrations. Surprisingly, the majority (64%) chose urine collection as the assessment method of choice. This general and recent understanding indicates that formulas and equations are inadequate in critically ill patients \[[@CR24]\]. Again, the high general knowledge was contradicted by the very low (1.4%) selection of all hydrophilic antibiotics that could possibly be affected by ARC.

Similarly, the selection of beta-lactam antibiotics and vancomycin together was relatively low (8.2%). This is extremely important as this combination is commonly administered in hospitalized and, more specifically, critically ill patients \[[@CR2], [@CR25], [@CR26]\]. Although the appropriate dose and frequency of administration of piperacillin-tazobactam were chosen by the majority of respondents (60.4%), this could be due to the lack of implementation of the extended dosing interval of beta-lactam antibiotics and particularly piperacillin-tazobactam in some countries \[[@CR27]\]. Unlike piperacillin-tazobactam, the appropriate dose and frequency of administration of meropenem were chosen by only 30.5%. Our findings agree with a previously published study conducted to determine ICU physicians' attitudes regarding antibiotic dosing adjustments in patients with ARC. Only 15% of the respondents would modify the dose of beta-lactam antibiotics and vancomycin \[[@CR28]\].

Several studies evaluated the effect of suboptimal antibiotic concentrations resulting from ARC and clinical outcomes \[[@CR17]--[@CR19]\], Claus et al. conducted a prospective observational study in a mixed ICU cohort. Therapeutic failure was higher in those with ARC 18 (27.3%) versus 8 (12.9%) \[[@CR17]\]. Similarly, Carrie et al. conducted a prospective observational study to describe the relationship between ARC and the subsequent subtherapeutic beta-lactam antibiotic concentrations. A threshold CrCl of ≥ 170 ml/min was associated with beta-lactam antibiotic underdosing and more therapeutic failures \[[@CR18]\]. Contrarily, other studies did not find an association between ARC-induced beta-lactam antibiotics renal elimination enhancement and mortality, which could be explained by the low prevalence of ARC in the population studied and the use of combination therapy, which could obscure the effect of ARC on clinical outcomes \[[@CR13], [@CR16], [@CR29], [@CR30]\].

This study has several limitations. First, the small number of participating pharmacists in this survey limits the generalization of our results to non-Gulf countries in the Middle East. The expected low response rate with online surveys triggered the authors who believed that the purposive sampling technique by attending a scientific conference would target the population of interest. Additionally, to avoid selection bias, only those with in-patient experience were allowed to participate. Second, no formal sample size calculation was carried out during the planning of this study, as none of the aforementioned scientific organizations were able to provide the authors with a specific number of registered licensed pharmacists. Their email listservs were not powered to categorize their members based on licensure (i.e., pharmacists vs. pharmacy technicians vs. pharmacy students). Third, a specific CrCl threshold was not included in the questionnaire to avoid respondent's confusion given that studies used different thresholds \[[@CR15], [@CR18]\]. Finally, it was almost impossible to compare respondents' knowledge based on the country of initial licensure as the response rate from the scientific organizations was low.

Conclusion {#Sec11}
==========

Pharmacists' knowledge about ARC was limited. This gap in knowledge was clear when respondents were asked about risk factors, SCr status, and antibiotics most likely to be affected by ARC. Bearing in mind the importance of appropriate initial antibiotics and the importance of probability of target attainment in patients with septic shock, developing educational programs that target in-patient pharmacists and particularly those taking care of critically ill patients is vital to optimize antibiotic dosing in this population. Additionally, developing antimicrobial institutional guidelines will help unify dosing and administration practices.
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